We present an intensive radio and X-ray monitoring campaign on the 2009 outburst of the Galactic black hole candidate X-ray binary H1743-322. With the high angular resolution of the Very Long Baseline Array, we resolve the jet ejection event and measure the proper motions of the jet ejecta relative to the position of the compact core jets detected at the beginning of the outburst. This allows us to accurately couple the moment when the jet ejection event occurred with X-ray spectral and timing signatures. We find that X-ray timing signatures are the best diagnostic of the jet ejection event in this outburst, which occurred as the X-ray variability began to decrease and the Type C quasi-periodic oscillations disappeared from the X-ray power density spectrum. However, this sequence of events does not appear to be replicated in all black hole X-ray binary outbursts, even within an individual source. In our observations of H1743-322, the ejection was contemporaneous with a quenching of the radio emission, prior to the start of the major radio flare. This contradicts previous assumptions that the onset of the radio flare marks the moment of ejection. The jet speed appears to vary between outbursts, with a possible positive correlation with outburst luminosity. The compact core radio jet reactivated on transition to the hard intermediate state at the end of the outburst, and not when the source reached the low hard spectral state. Comparison with the known near-infrared behaviour of the compact jets suggests a gradual evolution of the compact jet power over a few days near the beginning and end of an outburst.
INTRODUCTION
The nature of the coupling between inflow and outflow in accreting compact objects has been the focus of intensive study in recent years. Galactic X-ray binary sources provide ideal laboratories in which to probe this disc-jet coupling, since they pass through a number of well-defined accretion regimes as they evolve through their full duty cycles on timescales of months to years. Thus we can study a range of distinct accretion states in the same object, hence controlling for the effects of compact object mass, donor type and environment on the formation of jets in different accretion regimes.
The properties of the accretion flow are best studied in the X-ray band, and have been categorised into a number of canonical states (see, e.g. Belloni 2010 , for a review), which are identified by specific X-ray spectral and timing characteristics. Black hole X-ray binaries spend the majority of their time in a very low luminosity (< 10 33.5 erg s −1 ) quiescent state (McClintock & Remillard 2006) . At the beginning and end of an outburst, such systems are observed in the low/hard state (LHS), with an X-ray spectrum dominated by a fairly hard power law component (photon index Γ ∼ 1.5), and a power density spectrum showing strong band-limited noise with integrated fractional rms variability ∼ 0.3. During the peak phase of an outburst, a black hole X-ray binary will make a transition through a set of intermediate states to the high/soft state (HSS). The HSS has an X-ray spectrum dominated by soft thermal blackbody emission from a geometrically thin, optically thick accretion disc, together with a weak, steep (Γ 2.5) powerlaw component, and showing a power density spectrum with a much reduced fractional rms variability of 0.1. The intermediate states were classified by into two distinct classes, the hard and soft intermediate states (HIMS and SIMS respectively), distinguished by both the photon index of the power law component and by their X-ray variability properties, notably a rapid decrease in the fractional rms variability and a transition between two types of quasi-periodic oscillations (QPOs) on moving from the HIMS to the SIMS. At the end of the outburst, the X-ray luminosity decreases, and the source makes a reverse transition from the HSS through the HIMS back to the LHS. The reduced luminosity of the soft-to-hard transition as compared to the hard-to-soft transition leads to an observed hysteresis in a hardness-intensity diagram (HID). While there are alternative sets of state definitions, most notably those of McClintock & Remillard (2006) , we have chosen to use the terminology outlined above primarily for consistency with much of the published literature on the coupling of radio and X-ray emission from black hole X-ray binaries, specifically the phenomenological picture presented by Fender, Belloni & Gallo (2004) and Fender, Homan & Belloni (2009) .
The relativistic jets in black hole X-ray binaries are seen in two distinct forms. Steady, compact jets have been directly imaged in hard X-ray spectral states (e.g. Dhawan, Mirabel & Rodríguez 2000; Stirling et al. 2001) , and are observed to have a flat or slightly inverted radio spectrum (Fender 2001) . They are best modelled as partially self-absorbed conical outflows (e.g. Blandford & Königl 1979) , and are believed to carry away a significant, if not dominant, fraction of the power liberated by the accretion flow (Fender, Gallo & Jonker 2003; Gallo et al. 2005) . The second, more spectacular, type of jet morphology is seen during outbursts, as bright, steep-spectrum, discrete, relativistically-moving knots of radio emission. In most systems, these are only observed on milliarcsecond scales using very long baseline interferometry (VLBI; e.g. Tingay et al. 1995; Hjellming & Rupen 1995; Hannikainen et al. 2001) , although for the brightest systems, they may be observed on larger angular scales with connected-element interferometers such as the Very Large Array (VLA; e.g. Mirabel & Rodríguez 1994; Martí, Paredes & Peracaula 2001) . Optically thin radio emission may also be observed some distance downstream from the X-ray binary itself if the jets run into a particularly dense patch of the surrounding interstellar medium, causing particle acceleration at the sites of the resulting external shocks (e.g. Corbel et al. 2002 Corbel et al. , 2005 . Since this is dependent on the properties of the surrounding medium rather than the launching mechanism of the jets themselves, we will not focus on it in any detail.
The relationship between the radio emission (assumed to arise from the jets) and the X-ray emission from the accretion flow was considered in detail by Corbel et al. (2004) , who used the Australia Telescope Compact Array (ATCA) to sample the radio emission throughout the 2001 outburst of the black hole X-ray binary XTE J1650-500. Comparing their data to similar outbursts in three other systems, they found that the hard state (corresponding to the LHS in our terminology) is associated with emission from a partially self-absorbed compact jet, which persists into the intermediate state (equivalent to the HIMS). Ejection events are associated with transitions from the intermediate to the steep power law state (HIMS to SIMS transition), and the jet is suppressed in the thermal dominant state (HSS), although residual radio emission may be observed as a result of interactions between the ejecta and the surrounding environment. also made a detailed study of the relationship between the X-ray and radio emission (the disc-jet coupling) in a black hole X-ray binary, in this case focussing on the system GRS 1915+105. Although the X-ray spectral states in GRS 1915+105 are non-standard, multiwavelength observations by Mirabel et al. (1998) also provided evidence that jet ejection events are triggered at the end of a phase of X-ray spectral softening. This was confirmed by high-resolution observations of a large radio flare (Fender et al. 1999) , which measured the proper motions of the relativistic jets, showing them to be ejected as the source was moving from a relatively hard 'plateau' state to a softer X-ray state. generalised this picture by synthesizing the existing data on the disc-jet coupling in several different black hole X-ray binaries into a 'unified model'. In its simplest form, this model holds that the steady, compact jets exist during the quiescent state and LHS, with a relatively low bulk velocity (Lorentz factor Γ 2). As the X-ray luminosity (LX) rises at the beginning of an outburst, so too does the jet power and hence the radio luminosity (Lr), following the non-linear correlation Lr ∝ L 0.7 X Gallo, Fender & Pooley 2003) . As the source moves into the intermediate states, the X-ray spectrum softens and the jet Lorentz factor increases, with the jet becoming unstable. At a certain point in the HID, dubbed the 'jet-line', the core jet switches off, and a radio flare may occur as the faster moving material ejected more recently catches up with the preexisting, slower-moving flow, giving rise to internal shocks, which accelerate particles to produce the observed bright, optically thin, relativistically-moving ejecta. Alternatively, the shocks could be caused by increased outflow flux at constant velocity, rather than by a change in the bulk velocity. Supporting such a scenario, the disappearance of the non-thermal power-law component of the X-ray spectrum at this time has led to suggestions that the shocks could be caused by the ejection of the corona and its subsequent interaction with material from the pre-existing steady jets (Rodriguez, Corbel & Tomsick 2003; Vadawale et al. 2003; Rodriguez et al. 2008) . If the X-ray behaviour oscillates back and forth across the jet line, multiple radio flares may be observed, with the compact core jet reforming each time the spectrum becomes harder, and another ejection event occurring at the subsequent softening event. During the HSS, the compact core jet is suppressed by over two orders of magnitude (Coriat et al. 2011; Russell et al. 2011) , and reforms in the final stages of the outburst as the source moves from a HIMS back to the LHS.
While many authors have used this model as a benchmark against which to compare their observational data (e.g. Corbel et al. 2004; Miller-Jones et al. 2005; Fender et al. 2006) , it was evaluated in detail by Fender et al. (2009) , who attempted to couple the moment of jet ejection with particular X-ray spectral and timing features. While they verified the main features of the previous picture, they were unable to identify any unique X-ray signature of the jet ejection event (the crossing of the jet line), probably due to the sparse radio coverage for most of the studied events. These authors identified a need for more intensive radio coverage during the transitional phases of the outburst, particularly in the form of high angular resolution VLBI monitoring. Such resolved radio imaging is crucial in accurately interpreting the jet emission, since the peak in the radio light curve may not correspond to the exact time when the moving knots were ejected from the core. A clear example of this was identified by Vermeulen et al. (1987) , who found that the jet emission in SS 433 reached a maximum when crossing a 'brightening zone' located ∼ 250 au downstream from the core. Absorption effects, recollimation shocks, or the time delay required to form internal shocks could all prevent an accurate assessment of the disc-jet coupling when relying on radio flux density monitoring alone.
H1743-322
First detected during an outburst in 1977 (Kaluzienski & Holt 1977) , H1743-322 was rediscovered as a new source in 2003 by INTEGRAL (Revnivtsev et al. 2003) , only subsequently being associated with the previously known source (Markwardt & Swank 2003) . Since that time, seven smaller outbursts of the source have been observed (Swank 2004; Rupen et al. 2005; Kalemci et al. 2008; Kuulkers et al. 2008; Krimm et al. 2009; Nakahira et al. 2010; Kuulkers et al. 2011) , at least one of which failed to make a full transition through all the canonical states (Capitanio et al. 2009) .
From its similarities with the dynamically confirmed black hole X-ray binary XTE J1550-564, the source was classified as a black hole candidate (McClintock et al. 2009 ), although no mass function has yet been reported for the system. From its location only 3.2
• from the Galactic Centre, the source distance was assumed to be ∼ 8 kpc. This was recently confirmed by Steiner, McClintock & Reid (2012) , who derived a distance of 8.5 ± 0.8 kpc by modelling the trajectories of the radio jets during the 2003 outburst. McClintock et al. (2009) measured quiescent magnitudes for the system of 17.1 at K-band and > 24 at i ′ band, but with no firm distance determination and uncertain contributions from the jet and outer disc, the spectral type of the secondary is also unknown. However, from the relation between orbital period and quiescent X-ray luminosity (Garcia et al. 2001) , and their measured quiescent luminosity of ∼ 3 × 10 32 erg s −1 (0.5-10 keV), Jonker et al. (2010) inferred an orbital period of 10 h.
From the X-ray dipping behaviour observed by and Miller et al. (2006) , the inclination angle of the disc in H1743-322 is believed to be relatively high, on the order of ∼ 80
• to our line of sight. Steiner et al. (2012) also determined the inclination angle of the radio jets to be 75 ± 3
• , implying that the disc and jet axes are therefore relatively well aligned. Narrow, variable and blueshifted absorption lines from highly-ionized Fe suggest a disk wind in this system , which was subsequently found to be partially state-dependent, with the wind being stronger in the high/soft state (Blum et al. 2010) . The mass outflow rate in the wind was estimated as being on the order of 3 × 10 17 g s −1 , assuming a wind velocity of 300 km s −1 .
The X-ray and radio behaviour of the source during the 2003 outburst were studied in detail by McClintock et al. (2009) . The event was complicated, with multiple transitions between the different X-ray spectral states, and several different radio flaring events. Owing to the rapid X-ray variability, complicated outburst behaviour and sparse radio sampling, no detailed comparison of the jet-disc coupling with the phenomenological model of was possible.
Several months after the 2003 outburst, moving radio emission was detected at arcsecond scales on either side of the central source, subsequently discovered to be associated with X-ray sources ). These were interpreted as the interaction of the ejecta from the original outburst with the surrounding environment. While the jets were found to have decelerated since the 2003 event, the observations placed constraints on the position angle of the jets and on their apparent velocity.
In this paper, we present detailed radio observations of the 2009 outburst of H1743-322. The X-ray evolution of the outburst has already been analysed in detail by Motta, Muñoz-Darias & Belloni (2010) and Chen et al. (2010) , and the source was found to follow the canonical path through the HID, with a relatively simple evolution as compared to the 2003 event. The dense radio coverage at high angular resolution, coupled with the simple, canonical behaviour in the X-ray band, allowed us to make a detailed study of the disc-jet coupling in this system, testing the model of and addressing some of the issues raised by Fender et al. (2009) .
OBSERVATIONS AND DATA REDUCTION
The outburst was monitored with the Proportional Counter Array (PCA) on board the Rossi X-ray Timing Explorer (RXTE), and its X-ray spectral and timing characteristics have been used by Motta et al. (2010) to distinguish the various characteristic accretion states. We monitored the outburst in the radio band using the VLA and Very Long Baseline Array (VLBA) under the auspices of the Jet Acceleration and Collimation Probe of Transient X-ray binaries (JACPOT XRB) program (Miller-Jones et al. 2011a) , tracking the evolution of the radio emission through the entire outburst. We also obtained data from the ATCA to improve our temporal coverage in the radio band.
VLA
After Swift reported a re-brightening of H 1743-322 in the 15-50 keV band from 2009 May 22 (Krimm et al. 2009 ), we made preliminary radio observations with the VLA, detecting the source at a level of 2.2 mJy at 8.4 GHz (Miller-Jones et al. 2009 ). On the basis of this detection, we triggered a long-term VLA monitoring campaign (program code AM991), tracking the radio emission from the source over 24 epochs as it made the transition from the LHS to the HSS, and again as it made the reverse transition back to the LHS (see Table 1 for more details). The array was in its CnB and C configurations during the observations, with the configuration change occurring on 2009 June 16. The monitoring was carried out at frequencies of 1.4, 4.9 and 8.4 GHz, with two epochs of observation at 22.4 GHz during the peak of the radio outburst in an attempt to better constrain the source spectrum when the source was brightest. We observed in dual-polarization mode with 100 MHz of bandwidth per polarization, split equally between two intermediate frequency (IF) pairs. We used 3C 286 as a primary calibrator, setting the amplitude scale according to the coefficients derived at the VLA in 1999 by staff at the National Radio Astronomy Observatory, as implemented in the 31Dec08 version of the Astronomical Image Processing System (aips; Greisen 2003) . The secondary calibrator was J1744-3116, at an angular separation of 1
• from H1743-322. Observations were carried out in fast-switching mode with a 4-min cycle time (1 min on the calibrator, 3 min on the target source) to minimize down time while maximizing the accuracy of the phase transfer at the low elevation of the sources. Data reduction was carried out according to standard procedures within aips. The observations were typically of duration 1 h split across all observing frequencies, and were simultaneous with monitoring at the VLBA wherever possible. On a few occasions, the weather was sufficiently bad that the calibrator phase changed by several tens of degrees over the course of a 60-s scan. At these epochs, the interpolation of phases to the target source was poor, and since H1743-322 was not bright enough for self-calibration we were unable to correct for this effect, leading to larger than expected errors on the measured source brightnesses. In one instance, on 2009 July 4, the weather was sufficiently bad (phase changing by > 90
• within 60 s) that the target source could not be detected.
VLBA
On detection of a radio source with the VLA, we triggered a campaign of observations with the VLBA under program code BM308, monitoring the source over ten epochs throughout its transition from the LHS to the HSS. Once our VLA monitoring showed that the radio emission had faded below detectable levels for the VLBA, the high-resolution monitoring ceased until X-ray monitoring showed the onset of the reverse transition back to the LHS, whereupon we made a total of six further observations.
We observed in dual polarization mode at a primary observing frequency of 8.4 GHz, although we also observed at 15 GHz for the four epochs during the peak of the outburst when the radio emission was brightest. Each epoch was of duration 5 h, the maximum time for which the source was above the elevation limit of the antennas. For all epochs except the last one, our recording rate was 256 Mbps, corresponding to a total bandwidth of 32 MHz per polarization. For the final epoch, when our VLA monitoring showed that the source was well into the decaying LHS and very faint, we doubled the recording rate and observing bandwidth. In the last ten epochs of observation, we spent 30 min at the beginning and end of the observing run taking data on bright extragalactic calibrators distributed over a wide range of elevations across the sky (i.e. geodetic blocks). This enabled us to better account for unmodeled clock and tropospheric phase errors using the aips task DELZN, thereby improving the success of the phase transfer.
Owing to its location only 3.2
• away from the Galactic Centre, the angular broadening caused by the strong scattering along the line of sight to the source creates a dearth of good, close VLBI calibrators, particularly at lower radio frequencies. Based on experience from previous observing campaigns on H1743-322 in 2003, 2004 and 2008 , we used the sources J1748-2907 and J1740-2929 as our primary phase reference sources, both believed to be extragalactic on account of their brightness temperatures, morphologies and steady fluxes (Bower, Backer & Sramek 2001) . For J1748-2907, we used the updated position of Reid & Brunthaler (2004) . Our phase referencing cycle time was 3 minutes, spending 2 minutes on H1743-322 and 1 minute on the calibrator source during each cycle. Every seventh cycle, we substituted a scan on the target source for a scan on the check source J1744-3116 from the third extension to the VLBA Calibrator Survey (VCS-3; Petrov et al. 2005) , and then observed the fringe finder source J1733-1304. Our assumed calibrator positions are given in Table 2 . Despite the greater calibrator throw to J1748-2907 and J1740-2929, they were preferred to J1744-3116 as phase reference sources since the latter source is known to be highly scattered at 8.4 GHz, reducing the number of antennas for which phase solutions could be derived.
The data were correlated using the VLBA-DiFX implementation of the software correlator developed by Deller et al. (2007) , and subsequently reduced according to standard procedures within AIPS. We corrected the correlator model for the updated Earth orientation parameters and ionospheric effects, using the system temperatures to calibrate the amplitude scale before deriving instrumental phase solutions using the fringe finder source. Fringe fitting was then performed on the phase reference source a The reported MJD corresponds to the midpoint of the observations. b X-ray states are those derived by Motta et al. (2010) . Where the radio data were taken between two X-ray observations in different states, we report the relevant transition. c In the case of non-detections, we quote the 3σ upper limit to the source brightness. (the brighter source J1748-2907 where available, otherwise J1740-2929), which was subjected to iterative imaging and self-calibration. The final image of the phase reference calibrator was then used as a model for bandpass calibration before transferring bandpass, amplitude and phase solutions to H1743-322. However, the large calibrator throw (Table 2) coupled with the low elevation of the sources meant that unsolved phase gradients compromised the astrometric accuracy of the observations, with the positions of both H1743-322 and the check source being found to vary between epochs. Since this had a detrimental effect on our ability to measure the proper motions of the jet ejecta, we tested a hybrid approach which was found to give a much more stable position of the core radio emission from H1743-322 during the LHS in the initial phase of the outburst. We first solved for the short timescale phase variations using the original phase reference source. Having transferred the solutions to H1743-322, we then re-derived the phase solutions using the check source J1744-3116 as the phase calibrator. Owing to the infrequent observations of this source, this imposed a longer-timescale phase variation on the solutions. The important effect was to re-reference the astrometry to provide a more stable target position relative to the assumed position of the closer calibrator J1744-3116. Owing to the strong scattering along the line of sight, we were restricted to baselines shorter than 25 Mλ at 8.4 GHz, implying that we could only derive meaningful information from baselines between the five south-western antennas (FD, KP, LA, PT, OV). The loss of half our antennas both reduced our sensitivity by a factor of 2 relative to that predicted for the full array, and degraded our angular resolution and uv-coverage. Nevertheless, we were able to image the data, using natural weighting to maximize our sensitivity. The results are summarized in Table 3 . Table 3 . Log of the VLBA observations, showing for each epoch the X-ray state of the source, the observing frequencies and bandwidths, phase calibrators, and whether a geodetic block was used.
ATCA
a The reported MJD corresponds to the midpoint of the observations. Error bars denote the duration of the observations either side of the midpoint, such that the total duration corresponds to twice the reported time uncertainty. b X-ray states are those derived by Motta et al. (2010) . c Where the source was not detected, 5σ upper limits are given in all cases. This shows the confidence with which we can rule out the detection of jet ejecta at an unknown position. However, detection of the core can be ruled out at the 3σ level, i.e. 40 per cent lower than the tabulated figures, since the core position is known. 2011). This upgrade has provided a new broadband backend system for the ATCA, increasing the maximum bandwidth from 128 to 2048 MHz. Each observation was conducted simultaneously in two different frequency bands, with typical central frequencies of 5.5 GHz and 9 GHz. Various array configurations were used during our observing campaign. On May 27 and July 17 the array was in the compact, hybrid (north-south and east-west baselines) configurations H214 and H75 respectively. The more extended configurations 6A and 6D were used for the remaining 6 observations.
The ATCA has orthogonal linearly polarized feeds and full Stokes parameters (I, Q, U, V) were recorded at each frequency. We used PKS 1934-638 for absolute flux and bandpass calibration, and PMN 1729-37 to calibrate the antenna gains and phases as a function of time. We determined the polarization leakages using either the primary or the secondary calibrator, depending on the parallactic angle coverage of the secondary. Imaging was carried out using a multi-frequency clean algorithm (Sault & Wieringa 1994) to take into account spectral variations of the source flux density across the 2 GHz bandwidth. The editing, calibration, Fourier transformation, deconvolution and image analysis were carried out with the Multichannel Image Reconstruction, Image Analysis and Display (miriad) software (Sault, Teuben & Wright 1995) . The results of the ATCA observations are given in Table 4 .
RXTE
We analysed all publicly available observations of the 2003 and 2009 outbursts of H1743-322 in the RXTE archive. The data were reduced using the heasoft software package v6.8, following the standard steps described in the RXTE cookbook 1 . We constructed Hardness Intensity Diagrams (HIDs) from the Proportional Counter Array (PCA; Jahoda et al. 2006 ) data. We produced background subtracted light curves binned at 16 s using PCA Standard 2 mode data from Proportional Counter Unit (PCU) 2 (all layers). The light curves were divided into three energy bands, 2.1-4.9, 8.6-18.3 and 2.1-18.3 keV (according to the correspondence between fixed energy channels and energy valid for PCA gain epoch 5). We defined the hardness ratio (HR) as the ratio of count rate in the bands 8.6-18.3 keV and 2.1-4.9 keV and the intensity as the count rate in the energy band 2.1-18.3 keV.
All the observations we used fall in PCA gain epoch To determine the spectral state of the source at the time of each RXTE observation, we used the classifications of Motta et al. (2010) . These were based on timing properties (the fractional rms variability, the presence of QPOs, and the overall shape of the power density spectra), hardness ratios, and also on the relative contributions of disc and powerlaw components to the X-ray spectra (see for example their fig. 5 ). This latter diagnostic was important in distinguishing the SIMS (with significant power-law contribution) from the HSS (dominated by the thermal disc emission), since the fractional rms variability and hardness ratios could be very similar in these two states (see Fig. 2 ).
RESULTS

Radio light curves and spectra
The radio light curves and the evolution with time of the radio spectral index α (defined as Sν ∝ ν α ) are shown in Fig. 2 . Also plotted for comparison purposes are the X-ray count rate, hardness and integrated fractional rms variability from RXTE/PCA monitoring, together with the X-ray state classifications of Motta et al. (2010 Table 4 . Log of the ATCA observations, showing for each epoch the X-ray state, the measured flux densities, and the derived radio spectral index of H1743-322.
a The reported MJD corresponds to the midpoint of the observations. b X-ray states are those derived by Motta et al. (2010) . Where the radio data were taken between two X-ray observations in different states, we report the relevant transition. c In the case of non-detections, we quote the 3σ upper limit to the source brightness.
more closely coupled with X-ray spectral and timing information than with the overall X-ray light curve. By the time we triggered our observing campaign, the source was already in the HIMS, with a steady radio flux density of ∼ 2 mJy and a flat radio spectrum. This persisted until the end of the HIMS, after which the ATCA detected a quenching of the radio emission and a steepening of the radio spectrum to α = −0.76 ± 0.32 on MJD 54986.6. Quenching of the radio emission prior to a major ejection event is a well-known phenomenon in Cygnus X-3 (Waltman et al. 1994) , and has also been observed in XTE J1859+226 (Brocksopp et al. 2002) , associated with a brief steepening of the radio spectrum. It is likely that this observation corresponds to the phase of instability in the jet prior to the main outburst noted by .
Within 0.8 d of the ATCA detection of quenched radio emission, the VLBA detected the onset of the radio flare, on MJD 54987.3. This observation was almost simultaneous with the first X-ray detection of the SIMS. The peak of the radio outburst, as detected with the ATCA, reached 26.2 mJy on MJD 54988.8, and the radio brightness as measured by all instruments then decreased for the next 14 d as the source moved into the HSS. At the peak of the flare, the radio spectrum was slightly inverted, consistent with expanding synchrotron plasma that was self-absorbed at lower frequencies, with a turnover in the observed ATCA frequency range.
While RXTE detected an excursion from the HSS back into the SIMS on MJD 54990.3, the radio sampling was too coarse to detect a temporary rebrightening at this time. The VLBA did not detect the source on MJD 54990.3, and the measured VLA radio brightness on MJD 54991.4 was consistent with the decay from the original flare. The only evidence for a second ejection event is the inverted spectrum between 4.9 and 8.5 GHz on MJD 54989.2 (α = 1.4 ± 0.2). Given that these data were taken after the peak of the main flare as measured by ATCA, this suggests the early stages of a second ejection event.
Following this VLA detection of an inverted spectrum, the radio spectra were steep during the HSS. The source was detected throughout this phase of the outburst, with a slight increase in the brightness at 8.5 GHz on MJD 55005.3, following which the radio emission was relatively stable at a level of ∼ 0.3 mJy. The unified model of suggests that the compact core jet should be suppressed in this phase, so one likely explanation for the low-level emission observed at late times in the HSS is an ongoing interaction between the jet and the interstellar medium through which it was propagating (as suggested by Corbel et al. 2004 , to explain the residual radio emission detected in the HSS of XTE J1650-500). However, the source was not detected with the VLBA during this period, and the relatively compact configurations of the VLA and the ATCA did not provide sufficient resolution to distinguish between any such external shocks and a compact core jet. Thus in the absence of either spectral or imaging information, we cannot verify this hypothesis.
After the reverse transition to the HIMS, the radio brightness showed a second slight increase, to ∼ 0.6 mJy, with a spectrum consistent with being flat. We interpret this as the reignition of the compact core jet. As the X-ray emission decayed late in the outburst, the radio brightness also decreased, reaching 0.1 mJy by MJD 55050.3.
Radio imaging
H1743-322 was detected by the VLBA on 5 occasions during the outburst (Table 3) . Three of these were during the HIMS prior to the radio flare, and the following two were during the rise phase and at the peak of the flare. The resulting images, together with the stacked image from all data during the outburst decay, are shown in Fig. 1 . In the first three observations during the HIMS, we detected only the compact core jet, which was unresolved down to a beam size of 14.8 × 5.6 mas in P.A. 6.6
• E of N. In contrast, at the peak of the flare, we observed two distinct components, suggesting a two-sided ejection event. We note that the weak component seen at the eastern edge of the VLBA image from 2009 June 5 (with relative co-ordinates (65,-23) mas in R.A. and Dec., respectively) has a significance of < 5σ. Given the marginal nature of this detection, and since its orientation is not aligned with the observed axis of the bright jet components, we do not believe it to be real.
No evidence for diffuse, extended emission
In the initial LHS, the flux density measured with the VLBA was at a level consistent (at the 2σ-level) with that observed during the quasi-simultaneous VLA and ATCA observations. However, the two VLBA observations during the rise and at the peak of the flare recovered only 25-50 per cent of the integrated flux density measured a few hours later by the ATCA. Although this could indicate excess diffuse emission that was resolved out by the VLBA, it is likely that the majority of the discrepancy can be attributed to either timing effects during the rise phase of the flare, or to atmospheric phase decorrelation. The VLBA observation on MJD 54987.33 ± 0.10 was taken during the rise phase of the flare, 6 hours prior to the closest ATCA observation. The ATCA data (Table 4) show that the 9-GHz radio emission increased from 0.2 to 24.2 mJy over the 24-hour period from MJD 54986.6 to 54987.6, so a 6-hour time offset could correspond to a significant change in flux density.
To test the effects of phase decorrelation, we compared the flux density recovered from the calibrator sources J1748-2907 and J1740-2929 after applying the phase corrections derived using J1744-3116, with that derived from self-calibration of those same two sources. This showed that phase decorrelation could reduce the recovered flux density by up to 50 per cent on MJD 54987.3, and by up to 25 per cent on MJD 54988.3 (when the atmosphere was presumably somewhat more stable). Taking into account the effects of both time offsets and atmospheric phase decorrelation, we conclude that although we cannot rule out the existence of diffuse emission that is resolved out by the VLBA, such a component is not required to reconcile the measured VLBA fluxes with those seen at the ATCA.
No evidence for free-free absorption in the inner regions
Given the high inclination of the system and the presence of a disk wind , we should address whether there is any evidence for free-free absorption in the inner radio-emitting regions, as has been found in the case of SS 433 (Paragi et al. 1999) . Since the outflow rate estimated for the wind in H1743-322 ) is several orders of magnitude lower than that in the equatorial wind of SS 433 (Blundell et al. 2001) , there should be significantly less free-free absorbing material along our line of sight to the inner jets. This is supported by the radio spectrum, which is only ever highly inverted (as would be expected for free-free absorption) during the rise phase of the flare (Fig. 2) , when an inverted spectrum can be attributed to low-frequency synchrotron self-absorption in the expanding ejecta. Finally, we always detect the core of the system with our VLBA imaging during the HIMS, at a position intermediate between the eastern and western jet ejecta seen later in the outburst (Fig. 1) . Thus there is no reason to believe that there is significant free-free absorption in the inner regions of the system. 
Astrometry
Core position
The early triggering of the observations and consequent detection of the compact core jet provided a point of reference for the subsequent observations during the radio outburst. We measured the source position, relative to the assumed position of the calibrator source J1744-3116 as given in Table 2. The three observations from the HIMS showed a very consistent position in R.A. but a scatter of ∼ 5 mas in Dec. (Fig. 3) . The calibrator throws to both the short-timescale phase reference calibrators J1748-2907 and J1740-2929 and to the final calibrator source J1744-3116 are all significantly greater in Dec. than in R.A.. Therefore the phase gradients with elevation expected for such a low-declination source will have a greater effect on the Dec. component of position than on the R.A. component, so such a discrepancy in the scatter is not surprising. A weighted mean of the three measured core positions from the HIMS provides our best estimate of the true position of H1743-322,
where the assumed errors are purely statistical. To this we must add a systematic error of 2.7 mas in R.A. and 8.0 mas in Dec. from combining the quoted uncertainty on the calibrator position 2 and the uncertainty from the calibrator throw to J1744-3116 (using a linear extrapolation of the results of Pradel, Charlot & Lestrade 2006 to the low declination of the target source). We note that our quoted position is measured relative to the final calibrator source, J1744-3116, whose assumed position is given in Table 2 .
Ejection event
While there is some scatter in the Dec. component of the source position during the HIMS, the R.A. is constant to We also show a fit to the approaching component for epochs MJD 54987 and 54988, using this to derive an ejection date and hence fit the proper motion of the receding component.
within 1.5 mas. After the transition to the SIMS and the subsequent HSS, the measured source positions at both 8.4 and 15 GHz on MJD 54987 and 54988 show evidence of components moving away from the X-ray binary (Fig. 4) . On MJD 54988, we see two radio-emitting components, aligned along an axis oriented 87.2 ± 3.6
• E of N. This is fully consistent with the jet axis (89.0 ± 1.5
• for the eastern jet, −91.7±1.8
• for the western jet) determined by Corbel et al. (2005) , suggesting that the jet axis has not precessed since 2003. Further, their measurement of larger angular separations for the eastern component is in agreement with our VLBA observations (the eastern component appearing first, on 2009 June 5), despite the fact that their jet knots had decelerated by the time the radio emission was observed. This suggests that the interstellar medium surrounding the source is not sufficiently inhomogeneous that the approaching (eastern) ejecta were decelerated more than the receding (western) component in the observations of Corbel et al. (2005) .
The angular separation of the two components from the weighted mean core position is shown in Fig. 4 . Assuming that we are identifying a single ballistically-moving component on each side of the core (likely, given that only one day separates the two observations), a linear fit to the displacement along the jet axis of the approaching (eastern) component on MJD 54987 and 54988 gives a proper motion µapp = 3.7 ± 0.7 mas d −1 (an apparent velocity of vapp = 0.18c at 8.5 kpc). This fit determines the ejection date as tej =MJD 54984.9 +0.4 −0.6 . While this ejection date was derived from only two measurements of the ejecta positions, the agreement found between the positions measured in the 15 GHz and 8.4 GHz VLBA images gives us confidence in our estimate. With only two data points, there may be additional systematic uncertainties affecting the determination of the ejection date, although their magnitude is not possible to quantify from our data. While we cannot definitively rule out deceleration of the ejecta on such small angular scales (e.g. Yang et al. 2010) , we consider it unlikely, since the ejecta from the 2003 outburst decelerated much further downstream. The continued jet activity of H1743-322 since that time (Section 1.1) makes it unlikely that the density of the interstellar medium close to the central binary could have been substantially increased in the interim.
Assuming therefore that our derived ejection date is correct, then a ballistically-moving receding (western) component would have a proper motion µrec = 3.3 ± 0.8 mas d −1 (vapp = 0.16c at 8.5 kpc). The proper motions of both approaching and receding jet knots are therefore significantly lower than those derived by Corbel et al. (2005) on larger angular scales (21.2 ± 1.4 mas d −1 for the approaching jet, 13.3 ± 0.6 mas d −1 for the receding jet, although the jets had likely decelerated by this point; see also Hao & Zhang 2009 ). Either the jet speed varies between outbursts (possibly correlated with jet power; the 2003 outburst was significantly brighter in the radio band than the one presented here; see McClintock et al. 2009) , the ballistic motion model is not applicable to our data, or we are seeing different components in the eastern jet in the two images.
X-RAY DIAGNOSTICS OF THE EJECTION EVENT
A major goal in the study of the coupling between inflow and outflow in X-ray binaries is to relate the observed changes in the radio emission (probing the relativistic jets) to those seen in the X-ray band (probing the inner regions of the accretion flow, and possibly the base of the jets). The so-called 'jet line' proposed by to mark the transition from steady, partially self-absorbed, compact core jets to bright, transient, relativistically moving ejecta, is a useful way to visualise this transition. However, as discussed by Fender et al. (2009) , the reality is likely to be more complex. Nevertheless, as we now discuss, even if the exact sequence of events has not been uniquely identified to date, certain characteristic X-ray spectral and timing indicators appear to be closely coupled with the radio ejection event.
Spectral indicators
The evolution of black hole X-ray binary outbursts is often visualized in an X-ray hardness-intensity diagram (HID). This shows how X-ray intensity variations couple with Xray spectral shape, with harder spectra being dominated by the power-law component and softer spectra by blackbody disc emission. As shown in Fig. 5 , H1743-322 underwent a fairly typical evolution through the HID (compare with the schematic model in fig. 7 of and the observed behaviour of the 14 outbursts plotted in fig. 1 of Fender et al. 2009 ). We have overplotted the radio detections, showing the variation of the radio brightness as the source evolved through the outburst. There is clear evidence for radio flaring as the source moves left across the top of the diagram from the HIMS to the HSS. Also noteworthy are the position of the radio quench phase and the radio rebrightening as the source moves back to a harder state towards the end of the outburst.
Variability indicators
The transition from the HIMS to the SIMS is defined by X-ray timing information, namely a sharp decrease in the integrated fractional rms variability and the possible appearance of Type B QPOs . Using case studies of the three sources XTE J1550-564, XTE J1859+226 and GX339-4, Fender et al. (2009) considered whether the sharp changes in X-ray power spectra seen during the transition from the HIMS to the SIMS could be used to determine the exact moment of the major ejection event, as previously proposed by Ferreira et al. (2006) and Klein-Wolt & van der Klis (2008) . However, Fender et al. (2009) deemed the available radio coverage insufficient to associate the exact moment of ejection with any particular X-ray spectral or timing characteristics. Sparse time sampling, coupled with the (unknown) intrinsic delay between ejection and radio flaring caused by both optical depth effects and the time taken for the development of the hypothesised internal shocks, made it impossible to determine the moment of ejection and hence search for any corresponding X-ray signature. With our dense radio coverage, the core location provided by the VLBI detection in the early phase of the outburst (Section 3.3.1), and the fitted proper motion of the ejecta (Section 3.3.2), we finally have a data set in which it is possible to probe this connection directly. Fig. 6 shows how the X-ray variability properties vary with spectral hardness during the 2009 outburst of H1743-322, and also how the radio emission relates to these diagnostic X-ray characteristics. Our inferred ejection event occurs as the fractional rms variability begins to drop off sharply, coinciding with the disappearance of Type C QPOs. Unfortunately, this phase of the outburst coincides with a 3 d gap in the RXTE coverage. Although we do not analyse Swift data in this paper, we note that there were no Swift observations during the gap in RXTE coverage, so we cannot constrain the simultaneity of the ejection event and this Xray signature more accurately. The radio quenching occurs as the X-ray variability decreases, but the time taken for the development of shocks and their evolution to become optically thin in the GHz regime means that the peak radio emission is seen only in the zone of reduced variability.
JET PROPERTIES
Jet speeds
Special relativistic effects imply that the ratio of angular separations of approaching and receding components from the core at any given epoch is
where βc is the jet speed and θ is the inclination angle to the line of sight (e.g. Mirabel & Rodríguez 1999) . From the epoch in which we detect both approaching and receding components, our best core position implies lapp/lrec = 1.12± 0.13, which gives β cos θ = 0.058±0.056. Combined with the inclination angle of 75 ± 3 • derived by Steiner et al. (2012) , this implies 0.19 < β < 0.28.
As noted in Section 3.3.2, the proper motions measured during the 2009 outburst are significantly lower than those measured (albeit on larger scales) in the 2003 outburst, leading to lower derived jet speeds. Corbel et al. (2005) found a jet speed β = 0.79 (with θ = 73
• ) for the 2003 outburst, assuming a distance of 8 kpc and ballistic motion of the approaching and receding ejecta. Even in the case of decelerating jet knots, they were able to constrain β > 0.57 ± 0.05. Since acceleration of the ejecta during propagation is unlikely, and since the consistent position angle of the jet axis on the plane of the sky argues against a precessing jet, it seems that the jet velocity was very different in these two outbursts. Since few X-ray binaries have been observed with VLBI during multiple ejection events, we do not have good statistics on whether jet speeds are likely to vary between different events in a single source, although plausible evidence for a variable jet speed in GRS 1915+105 has been found (Miller-Jones et al. 2007 ).
Suppression of the core jets in the soft state
The compact core jets are known to be suppressed in the HSS of H1743-322, by a factor of ∼ 700 (Coriat et al. 2011 ). However, our VLA observations during the HSS show lowlevel emission at 8.4 GHz, with a flux density of up to 0.35 ± 0.06 mJy. Corbel et al. (2004) put forward two possible explanations to explain similar residual emission detected in the HSS of XTE J1650-500; namely a residual compact core jet, and interactions of the ejecta from the outburst with the surrounding interstellar medium. A compact core jet should have a flat radio spectrum (Blandford & Königl 1979; Fender 2001 ), whereas we would expect optically-thin synchrotron emission from a downstream external shock, giving rise to a steep spectrum (e.g. Corbel et al. 2002 Corbel et al. , 2005 . Unfortunately, we do not have any spectral information in this phase to distinguish between these two possibilities, since the source was sufficiently faint that we could not split the observing time between multiple frequencies. However, we can stack our VLBA observations from this phase (MJD 54991-54997) to place a 3σ upper limit of 0.27 mJy beam −1 at our derived core position. Given the uncertainties on the HSS flux densities measured by the VLA, this is insufficient to conclusively rule out a low-level compact jet, but, together with the known radio suppression in the HSS of this system (Coriat et al. 2011) , appears to favour the downstream external shock scenario.
THE REVERSE TRANSITION
Jet reactivation
Owing in part to the speed of the X-ray evolution, there is relatively little existing radio data constraining the reactivation of the jet during the reverse transition from the HSS through the HIMS to the LHS. From a comparison of data from two different outbursts of GX339-4, Fender et al.
(2009) found radio upper limits during the reverse transition at the same hardness where the peak of the flare was observed during the original hard to soft transition, implying that either the jet line was not vertical or that it was not consistent between different outbursts (see Section 7).
The reactivation of the jet has been reported from infrared/optical monitoring of three black hole X-ray binaries (Jain et al. 2001; Buxton & Bailyn 2004; Coriat et al. 2009; Russell et al. 2010) . Here, the higher energy emission from the compact core jet originates in a region close to the black hole, within a light second (e.g. Casella et al. 2010; Gandhi et al. 2010) , and cannot be caused by colliding ejecta launched previously (assuming a single power law with α = −0.6, an extrapolation of the brightest optically thin radio ejecta of H1743-322 would be < 0.1 mJy at nearinfrared (NIR) frequencies; much fainter than the observed NIR jet emission in other black hole X-ray binaries at similar distances). In all cases, the optical/NIR jet became visible only after the source had fully completed the transition to the LHS. The radio emission, at least in one of these systems, brightened and peaked before the optical/NIR synchrotron emission (see fig. 5 of Coriat et al. 2009 ), suggesting that the jet power (which is sensitive to the high energy emission) takes time (days-weeks) to build up after the transition from HSS to LHS (e.g. Russell et al. 2010) . Kalemci et al. (2006) also argued that the compact jet did not turn back on until well after the transition back to the intermediate state, and suggested that the formation of the compact jet may require the source to be in the LHS. However, Fender et al. (2009) noted the radio reactivation during the 2003 outburst of XTE J1720-318 (Brocksopp et al. 2005) , which occurred marginally prior to the source reaching the hardest spectral state. Our data provide better constraints on the reverse transition, clearly showing a radio rebrightening between the last observation in the HSS and the first in the HIMS, 6-9 d before the source reached the canonical LHS.
Since we detect radio emission in the HSS which we attribute to external shocks as the jets interact with the surrounding medium, we must address the question of whether this rebrightening is due to further external shocks, or to the reignition of the compact core jet. From Table 1 , we see that the error bars on the radio spectral indices are too large to accurately discriminate between a flat spectrum compact jet and optically thin ejecta. However, since there is no further jump in radio brightness between the first detection in the HIMS and the LHS, when we believe the compact jet should be present, this suggests that the radio brightening seen between the HSS and the HIMS is indeed due to the reactivation of the core jet.
The compact core jet is not detected in the individual VLBA data sets during the reverse transition. Stacking the VLBA data from the HIMS and LHS during the reverse transition shows a 4.5σ detection (0.36 ± 0.08 mJy) close to the measured position of the core (see Fig. 1 ). However, the marginal nature of the detection and the positional offset (22 ± 3 mas in PA −14.8 ± 2.9
• E of N) imply that we cannot reliably associate this source with the compact core jet. The proper motion of H1743-322 is unknown, but from a comparison of our measured position with that determined from VLBA observations made in 2004, it is unlikely to be large enough to have shifted the X-ray binary position 22 mas in a month. Since the jet axis seen by the VLBA at the peak of the outburst agrees so well with that observed several years earlier by Corbel et al. (2005) , we can rule out precession of the jets. Combined with the marginal nature of the detection, its position angle (almost perpendicular to the jet axis, in the absence of significant systemic proper motion) makes it probable that this detection is simply a noise spike.
Given the noise level of 0.08 mJy beam −1 in our stacked image, we might have expected to detect the compact core jet, given the flux densities of 0.41-0.63 mJy measured by the VLA over this period. Our VLBA non-detection might therefore suggest that the emission measured by the VLA was sufficiently extended to be resolved out by the VLBA, and might therefore be attributed to diffuse emission downstream in the jets. However, the phase decorrelation of up to 50 per cent reported in Section 3.2 would reduce the source flux density below the detection threshold in the stacked VLBA image, so the VLBA non-detection cannot be used as evidence for extended emission downstream in the jets.
Assuming, therefore, that we are indeed seeing the reactivation of the compact core jet at the transition from the HSS to the HIMS, this re-ignition of the radio emission occurs well before the optical/NIR jet is believed to switch on at the transition to the LHS. A similar sequence of events was also seen by Coriat et al. (2009) during the soft-to-hard transition in GX339-4. We can contrast this with the known behaviour during the hard-to-soft transition. Russell & Fender (2007) showed that the optical/NIR jets are suppressed at the top-right hand corner of the HID, as the X-ray emission begins to soften, while the radio flaring event and compact jet quenching occurs 7-12 d later, at the hypothesised 'jet line'. While we have no optical/NIR coverage of the 2009 event in H1743-322, the radio quenching and subsequent jet ejection did occur part-way through the X-ray spectral softening (see Fig. 5 ).
Thus, it seems that the quenching and reactivation of the jets at the beginning and end of an outburst are gradual processes, occurring at different times for the radio and optical/NIR jets. Any discussion of these phenomena should therefore be very clear as to the wavelength at which the jets are being observed. A possible explanation for the observed sequence of events could be that the jet power evolves over the course of several days, with the spectral break from optically thick to thin moving to lower/higher frequencies with time at the beginning/end of the outburst (the frequency of the spectral break determines the total radiative power of the jets). An alternative explanation could be that it takes time for the suppression of the flow in the inner regions to propagate outwards to the surface of optical depth unity at radio frequencies. However, since the compact, hard-state jets are not resolved in VLBI observations (see Fig. 1 ), this would imply bulk flow speeds below 0.1c, hence we do not favour this explanation.
Distance
Maccarone (2003) has shown that the reverse transition from HSS to LHS occurs at a fixed fraction (0.01-0.04) of the Eddington luminosity, L Edd . A more detailed study by Dunn et al. (2010) showed that when using the fraction of the bolometric luminosity in the power-law component to identify the state transitions, the reverse transition oc-curred at 0.005-0.1L Edd , with a mean of 0.028L Edd . As shown in Section 7, the reverse transition for H1743-322 occurred at approximately the same 2.1-18.3 keV X-ray intensity in both the 2003 and 2009 outbursts. This level corresponds to a 2-20 keV flux of 1.5 × 10 −9 erg cm −2 s −1 (observation number 158 of McClintock et al. 2009 ). Using the tabulated photon index of 2.1 appropriate for that observation, we calculate the 0.5 keV-10 MeV flux (an approximation to the bolometric flux; see Maccarone 2003) to be 5.2 × 10 −9 erg cm −2 s −1 . Assuming that this corresponds to 0.028 ), we derive a distance to the source of 7.6 +7.3 −3.8 (MBH/10M⊙) 1/2 kpc, where MBH is the black hole mass. Using instead the range derived by Maccarone (2003) gives 6.5 +2.7 −1.9 (MBH/10M⊙) 1/2 kpc. While relatively poorly constrained, these estimates are consistent with the distance measured by Steiner et al. (2012) , and thus imply a relatively high-mass compact object. ). The 2003 outburst was significantly brighter in both radio and X-ray bands, and reached a much softer, more disc-dominated X-ray spectrum in the HSS. It was a more complex outburst, with several distinct peaks in both the radio and X-ray light curves suggesting multiple ejection events. From their model fitting of VLA data, Steiner et al. (2012) determined the ejection date of the jets responsible for the downstream flaring later detected by Corbel et al. (2005) , which they found to be MJD 52767.6±1.1. Both this ejection event and the peak radio luminosity (occurring 30 days earlier, and presumably caused by a previous ejection) occurred at different spectral hardness values compared to the 2009 outburst, suggesting that the so-called 'jet line' is not constant between outbursts. The brightest radio emission corresponds to a harder spectrum in 2003 than in 2009. We see no evidence for quenching of the radio jets prior to the flare in the 2003 outburst, although the cadence of the observations was not sufficiently rapid to rule out having missed such an event.
COMPARISON WITH THE 2003 OUTBURST
While the hard to soft transition occured at a much higher 2-18 keV X-ray intensity in 2003, the reverse transition occured at a very similar 2-18 keV intensity in the two outbursts. We also see that the radio emission assumed to arise from the compact core jet reactivated at a similar point in both outbursts. This reactivation occurred slightly prior to the hardest spectral state being reached, in what is defined by Motta et al. (2010) as the HIMS, or by McClintock et al. (2009) as a hybrid state with characteristics of both the hard and steep power-law states. As discussed by Belloni (2010) , such a hybrid state should correspond roughly to the HIMS.
The HRD for the 2003 outburst is shown in Fig. 8 . In contrast to the 2009 outburst (Fig. 6) , the peak radio flux density occured before the sharp drop in the integrated fractional rms variability. While we do not know the exact ejection date corresponding to the radio peak in 2003, owing to a lack of high angular resolution radio data, we know from The large star represents the moment of ejection as estimated by Steiner et al. (2012) , with the smaller stars showing the extent of the 1σ error bars on this date. Despite the location of the ejection event in the HRD, it occurred as the variability was increasing; the next significant drop in the rms did not occur until 17 days later.
the measurements of Corbel et al. (2005) that the jet speed was higher (implying a smaller delay between ejection and the formation of internal shocks should the core jet have a similar Lorentz factor in the LHS in both cases). Assuming that the radio peak occurred after the initial ejection event, the date of the first ejection in the 2003 outburst must have occurred before the initial drop in fractional rms.
As noted above, the 2003 outburst was a complicated event, with multiple peaks in the radio light curve. Steiner et al. (2012) determined the ejection date associated with the third major radio peak of the outburst. When compared with the results presented by McClintock et al. (2009) , their derived ejection date follows a spike in the Xray count rate, and is simultaneous with an increase in the fractional rms variability from < 5 per cent to ∼ 15 per cent, in stark contrast to the 2009 outburst, when we infer the moment of ejection to have been immediately before (or during) a drop in fractional rms variability (bearing in mind the 3-day gap in the X-ray coverage). This increase in fractional rms variability also coincided with an increase in the QPO amplitude and quality factor (McClintock et al. 2009 ), i.e. with the clear appearance of classical Type C QPOs. If the ejection date derived by Steiner et al. (2012) is correct, then there is no unique X-ray variability signature that can be associated with the ejection events in both 2003 and 2009.
DISCUSSION
The 2009 outburst of H 1743-322 was a relatively simple event, and the lack of multiple overlapping flares provided a clean data set with which to test the phenomenological model for the disc-jet coupling in black hole X-ray binaries (Fender et al. 2009 ). The high angular resolution VLBA data allowed us to track back the radio ejecta to find the epoch at which the transient jets were launched, such that we do not need to rely on the epoch of peak radio flux density as a proxy for the ejection date. We now use this information to reconsider the unified model of , attempting to answer some of the questions raised by Fender et al. (2009) . However, we note the caveat that this is a single outburst in a single source, and that more multiwavelength campaigns incorporating high-cadence, high angular resolution VLBI observations are required to verify our conclusions.
Within the uncertainties created by the RXTE sampling, we find that the ejection date is consistent with the transition from HIMS to SIMS, at the point where the Type C QPOs disappear and the integrated fractional rms variability begins to decrease. This is shortly before the detection of quenched, optically-thin radio emission.
The most detailed comparison to date of the connection between radio flaring and X-ray timing signatures was presented by Fender et al. (2009) (see their figs. 4 and 5). They investigated possible connections between the radio flaring events in XTE J1550-564, XTE J1859+226 and GX339-4 and the contemporaneous drops in rms variability and appearance of Type B QPOs. Since the exact sequence of events appeared to differ between the three sources, they concluded that there appeared to be no causal connection between timing signatures from the inner disc and jet ejection events. However, they noted that any intrinsic signature could be blurred by both the phase of jet instability prior to a radio flare and the time delays incurred in producing optically thin radio emission from internal shocks. In light of the conclusions drawn from our study of the 2009 outburst of H1743-322, we re-examine the flares in their three sources, considering also the 2010 flare of XTE J1752-223 and the 2003 flare of H1743-322.
The 1998 outburst of XTE J1550-564
The X-ray emission from the 1998 flare of XTE J1550-564 peaked on MJD 51076.0 (Sobczak et al. 2000) , followed by a radio flare peaking at 843 MHz on MJD 51078 (Hannikainen et al. 2001) . If the radio flare followed the canonical pattern of an adiabatically expanding synchrotron event, we can infer that the peak at GHz frequencies might have occurred slightly prior to this. VLBI observations on MJD 51080.7 and 51081.7 detected several radio-emitting components. Assuming that the two outermost components in the two images can be associated with one another, the rate of increase in angular separation was ∼ 115 mas d −1 , implying a zero-separation date of MJD 51078.6, coincident with the radio flare but well after the X-ray peak. The appearance of a third component in the second image suggests that there could have been multiple ejection events during this outburst. Considering the additional uncertainties in interpreting the images (not being phase-referenced, the true alignment of the two VLBI images is unknown), we cannot unequivocally relate the timing of the X-ray flare and the first radio ejection event. Fender et al. (2009) show that the radio flare began as the rms variability began to drop sharply. However, we also note a slight change in the characteristics of the Type C QPOs at the time of the X-ray flare (between MJD 51076.8 and 51077.9), moving from Type C to Type C ′ (as defined by Remillard et al. 2002 , with weak harmonics, a doublepeaked power density and rapidly shifting QPO frequency). The QPOs reverted to Type C on MJD 51078.1, and the first Type B QPO was not observed until four weeks later, on MJD 51106.95.
The 1999 outburst of XTE J1859+226
The 1999 flaring event of XTE J1859+226 comprised multiple radio flares, with the first (and largest) preceded by a quench on MJD 51467.5 before peaking on MJD 51468 (Brocksopp et al. 2002) . The X-ray study of Casella et al. (2004) shows a transition from Type C to Type A QPOs between MJD 51466.9 and 51467.6, coinciding with a steep drop in the rms variability (from 16.0 to 2.8 per cent) and also with the radio quenching event seen by Brocksopp et al. (2002) . Prior to this transition, Type C QPOs had been a persistent feature of the power spectrum for at least four days. This sequence of events appears to tie in well with what we see in H1743-322; a radio quenching coincident with the disappearance of Type C QPOs and a steep drop in the rms variability. If the two events are indeed similar, we can infer that the radio ejection event in XTE J1859+226 likely occurred at this time, with the short delay before the onset of the radio flare arising from the time taken for internal shocks to form and become optically thin.
The 2002 outburst of GX339-4
As noted by Fender et al. (2009) , the radio flare reported by Gallo et al. (2004) occurred on MJD 52408, prior to the steep drop in rms variability between MJD 52410.5 and 52411.6. Again however, we remark on the change in character of the Type C QPOs around the time of the radio flare. According to Belloni et al. (2005) , the Type C QPOs changed to Type C * between MJD 52406.7 and 52410.5, before the first observation of a Type B QPO on MJD 52411.6. Type C * QPOs (Casella et al. 2004 ) have a broader peak, a higher frequency, and a lower rms amplitude than canonical Type C QPOs. Thus while the Type B QPOs and the drop in rms variability appear to occur after the radio flare, it is plausible that the evolution away from the canonical Type C QPOs marks the disruption of the steady jet and the beginning of the ejection event.
The 2010 outburst of XTE J1752-223
Although VLBI monitoring of XTE J1752-223 was carried out during its 2010 outburst, the observed one-sided ejection event (Miller-Jones et al. 2011b ) and the deceleration of the ejecta (Yang et al. 2010 ) prevent us from accurately determining a zero-separation time. However, the radio light curves and spectra show evidence for a quenching of the flat-spectrum jet between MJD 55217 and 55220, with the peak of the initial radio flare occurring on MJD 55221. This radio quenching corresponds to a transition from Type C to Type A/B QPOs between MJD 55217.9 and 55218.8 (Shaposhnikov et al. 2010 ). In the absence of VLBI monitoring close to the state transition, we cannot unequivocally relate the timing of the radio ejection event with the changes in the X-ray timing behaviour of the source. However, it is plausible that the sequence of events was similar to that which we observed in H1743-322, namely a jet ejection immediately preceding the radio quenching, and contemporaneous with the change in the nature of the QPOs.
The 2003 outburst of H1743-322
As discussed in Section 7, the radio peak during the 2003 outburst of H1743-322 occurred on MJD 52737, several days before the steep drop in fractional rms variability (occurring between MJD 52747 and 52750, according to McClintock et al. 2009 ). While McClintock et al. (2009 do not classify the QPOs they detected, from the tabulated amplitudes, quality factors and central frequencies, the transition from Type C to Type B QPOs did not occur until at least MJD 52741. The steep radio spectrum observed at the peak of the outburst (α = −0.62 ± 0.01 between 4.86 and 8.46 GHz) suggests that an ejection event was indeed responsible for the peak radio emission. However, inspecting figures 4 and 5 of McClintock et al. (2009) , we see no evidence for a clear event in either the spectral or variability properties of the accretion flow that might have triggered this radio peak on 2003 April 8. Furthermore, as discussed in Section 7, the subsequent ejection event considered by Steiner et al. (2012) seems to coincide with an increase in fractional rms variability and the re-appearance of canonical Type C QPOs. Thus, the radio emission from this event does not seem to fit the pattern seen in the other outbursts discussed in this Section, as it corresponds to different X-ray timing signatures than those that appeared to be associated with jet ejection events in other sources. However, we reiterate that the 2003 event in H1743-322 was much more complex than the 2009 outburst of this source, and the ejection event identified by Steiner et al. (2012) did not correspond to the first peak in the X-ray and radio light curves. Therefore a full interpretation would also need to account for hysteresis effects (i.e. the time taken for the system to respond to the ongoing changes in mass accretion rate over the first few weeks of the outburst).
Overall picture
Jet ejection events have in the past been associated with the transition from the HIMS to SIMS, defined by a drop in the fractional rms variability and the appearance of Type B QPOs (Fender et al. 2009 ). Our radio monitoring of the 2009 outburst of H1743-322 shows that the peak of the integrated radio light curve is not necessarily the best indicator of the date of the radio ejection event, likely owing to the time taken for shocks to form and become optically thin. When attempting to connect radio and X-ray behaviour that vary on timescales of days, this time delay can mask the signature of any causal connection. This highlights the crucial role of high-cadence, high-angular resolution VLBI monitoring during state transitions in order to pin down the exact sequence of events.
In the 2009 outburst of H1743-322, we find that the jet ejection event occurred during or just before the sharp drop in the rms variability, coinciding (within the three-day uncertainty) with the disappearance of Type C QPOs and the quenching of the compact jet. The first detection of Type B QPOs occured several days later (albeit with the caveat of the sparsely-sampled transition). This sequence of events is approximately consistent with what was seen in the outbursts of XTE J1550-564, XTE J1859+226 and XTE J1752-223. However, the 2002 outburst of GX339-4 suggests that the drop in rms variability is not causally connected to the radio flare, as noted by Fender et al. (2009) , although the evolution away from the canonical Type C QPOs could still be associated with the radio flare. But even this appears to be ruled out by the 2003 outburst of H1743-322. We note that these latter two outbursts are the only ones in the sample we considered that did not appear to be preceded by any significant radio quenching. Either the time sampling of the radio data was too sparse to detect a brief (< 1 d) period of quenching, or the physical properties (or, more speculatively, the launching mechanisms) of the ejection events were different in these two outbursts.
In summary, the spectral hardness at which the jets are ejected and the radio flare occurs appears to vary between outbursts (even for an individual system). While X-ray timing studies may be better signatures of an ejection event, the exact causal sequence of events appears to vary between outbursts, as originally deduced by Fender et al. (2009) . In the subset of cases where radio quenching is observed, the ejection event seems to be connected to the point at which the Type C QPOs and band-limited noise disappear from the Xray power density spectrum and the fractional variability begins to decrease. While we have shown that intensive VLBI observations have the capacity to pin down the moment of ejection, dedicated coverage of new outbursts with both high angular resolution radio monitoring and X-ray timing observations is crucial to find out whether there is any common pattern to the sequence of events and hence any causal connection between the accretion and outflow phenomena. In this light, the end of the RXTE mission implies that prior to the advent of ASTROSAT (Agrawal 2006) , such studies may only be carried out with XMM-Newton.
The radio emission from the compact core jet appears to reactivate during the HIMS; it does not require the source to first reach the LHS, as appears to be necessary for the reactivation of the optical/NIR jets. We speculate that the suppression and reactivation of the jet near the beginning and end of an outburst, respectively, occur via a gradual decrease/increase in the total jet power, over the course of several days. If this is the case, travel-time arguments coupled with the unresolved nature of the core jets make this inconsistent with a picture in which the suppression is due to the compact core jet being switched off instantaneously at the base, with the spectral break moving to lower frequencies with time as the motion of the ejected material takes it past the surfaces of optical depth unity at each frequency. The instantaneous suppression scenario is also ruled out by the gradual evolution of the optical/NIR emission over the course of a few days. Since this emission comes from a region < 1 light second downstream, suppression of the jet would instantaneously shut down the optical/NIR jet emission, which is not observed.
Reconciling our speculative scenario of gradual jet power evolution with the internal shock scenario of would require the gradual decrease in jet power during the hard to soft state transition to be coupled with an increase in either the jet velocity or outflow flux, contradicting the naive assumption that jet power would be positively correlated with jet velocity and outflow flux. Thus a later, separate ejection of faster-moving material might be more consistent with the observations (possibly due to the ejection of the corona, as suggested by Rodriguez et al. 2003; Vadawale et al. 2003) . This also fits in with what we know about the well-documented radio quenching prior to major radio outbursts in Cygnus X-3 (Waltman et al. 1994) . The jet speed in that system is thought to be high (> 0.81c Mioduszewski et al. 2001) , whereas the radio quenching can last for up to two months (Waltman et al. 1994) , with the end of the quench phase being immediately followed by a major radio flare. Thus, if the same process is responsible for the radio quenching in Cygnus X-3 and the other X-ray binaries we have studied, the onset of the quench phase cannot be directly linked to the ejection event. A more plausible explanation might be a subsequent, higher-velocity ejection of material towards the end of the quench phase.
CONCLUSIONS
We have presented high-cadence radio and X-ray monitoring of the 2009 outburst of the black hole candidate X-ray binary system H1743-322, using data from RXTE, the VLA, VLBA and ATCA. The X-ray behaviour of the outburst was fairly standard, following the canonical path in the hardnessintensity diagram.
Since the radio behaviour was fairly clean, likely consisting of a single bright ejection event, we were able to use our high angular resolution VLBI radio monitoring to track the proper motion of the jet components and pin down the moment of jet ejection. The time of ejection appears to correspond, within uncertainties, to the beginning of the decrease in the fractional rms variability seen in the X-ray data, and to the disappearance of Type C quasi-periodic oscillations (i.e. to the transition from the hard intermediate state to the soft intermediate state). A quenching of the radio emission occurs during or immediately after the initial ejection event, and there is a delay before the onset of the radio flare, likely due to the time taken for internal shocks to form in the outflow. This implies that the onset of the radio flare may not always be a good diagnostic of the moment of ejection, an assumption which has frequently been made in the past and may have hampered previous attempts to couple the radio and X-ray behaviour during black hole X-ray binary outbursts.
The reactivation of the compact core jet at the end of the outburst appeared to occur during the transition from the high soft state to the hard intermediate state, and did not require the source to first reach the low hard state, as appears to be necessary for the detection of the compact jets in the optical/NIR. This suggests that the compact jet power may evolve gradually over a period of several days during its initial suppression and subsequent reactivation near the beginning and end of an outburst, respectively.
A comparison between the outbursts of 2003 and 2009 suggests that the jet speed in H1743-322 may be variable, and possibly positively correlated with the luminosity of the outburst. If the identification of the ejection event is correct in both outbursts, the X-ray spectral and timing signatures of the jet launching event are not constant between these two outbursts of the same source. However, the reverse transition occurred at a very similar luminosity in both outbursts, from which we estimate a Galactic Centre distance and a relatively high-mass compact object for H1743-322.
Comparison with previous outbursts appears to validate the conclusion of Fender et al. (2009) that there may be no single X-ray signature of the dramatic changes in the jet properties during a state transition. However, more intensive radio monitoring, at high angular resolution, is required to make a conclusive statement in this regard.
